Neuroimaging studies indicate reduced volumes of certain gray matter regions in survivors of prematurity with periventricular leukomalacia (PVL). We hypothesized that subacute and/or chronic gray matter lesions are increased in incidence and severity in PVL cases compared to non-PVL cases at autopsy. Forty-one cases of premature infants were divided based on cerebral white matter histology: PVL (n = 17) with cerebral white matter gliosis and focal periventricular necrosis; diVuse white matter gliosis (DWMG) (n = 17) without necrosis; and "
Introduction
Periventricular leukomalacia (PVL), a major disorder of the immature cerebral white matter, has long been considered the underlying neuropathologic substrate of cerebral palsy in premature infants who survive into childhood [41] . The substrate of the cognitive impairments in these children, however, is less certain, given that cognition is typically attributed to gray matter (neuronal cell body), as opposed to white matter (oligodendrocyte), function, and the incidence of gray matter injury in PVL has historically been considered minimal [1, 4, 8] . Understanding the neuroanatomic basis of impaired cognition is of increasing importance in the care of premature infants: currently, in extremely premature infants (born at <1,500 g), the most common neurological disabilities involve cognition and learning, aVecting 20-50% of such infants, compared to cerebral palsy which aVects 10% [39, 42] . Attempts have been made to correlate neuropathologic Wndings in autopsied brains with neurologic sequelae in survivors of premature birth, however, much of this work has focused on the role of white matter injury and hemorrhages and not gray matter injury [13] . In the seminal paper of the neuropathology of PVL in 1969, Banker and Larroche reported only "mild neuronal injury" in the cerebral cortex, hippocampus, subiculum, basis pontis, and cerebellar dentate nucleus and Purkinje cells in the majority of PVL brains [4] . Subsequent neuropathologic studies reported only rare "anoxic neuronal injury" in association with PVL [1, 8] , or downplayed the importance of observed gray matter lesions and did not emphasize their potential importance to neurologic sequelae in survivors. Thus, the conventional teaching has been that cerebral white matter is especially vulnerable to hypoxia-ischemia in the premature brain, with relative sparing of the gray matter, and that gray matter injury dominates only in older infants, children, and adults [23, 24] , even though recent evidence shows that neuronal/axonal injury is common in the perinatal brain [5, 25] . This teaching is increasingly challenged by modern quantitative volumetric MRI studies of premature infants who exhibit reduced volumes of the cerebral cortex [35] , thalamus [17, 18] , basal ganglia [17, 18] , and hippocampus [19, 34] . The anatomic substrate for the gray matter volumetric deWcits associated with the apparent white matter disease remains unknown.
In the following study of the neuropathology of premature infants autopsied at this institution in the modern era of neonatal intensive care, we aimed to determine: (1) whether gray matter abnormalities in premature infants are more common in the presence of PVL than in the absence of this lesion; and (2) whether the constellation of any gray matter abnormalities provides insight into the basis of the cognitive impairments in living premature infants. In this study, we stratiWed the cases according to three patterns of cerebral white matter histology: (1) PVL (n = 17), deWned as diVuse cerebral white matter gliosis combined with focal (macro-and/or microscopic) periventricular necrosis and; (2) diVuse white matter gliosis (DWMG) (n = 17), deWned as diVuse gliosis without focal necrosis; and (3) "Negative" (n = 7), without diVuse gliosis and focal necrosis. While the pathogenesis of the white matter gliosis in the DWMG group is unknown, we considered it in a separate category from PVL (gliosis combined with focal necrosis) because the cerebral white matter pathology is distinct, without macro-and/or microscopic periventricular cysts. In the following study, we analyzed the three groups independently of each other. We hypothesized that PVL cases have a signiWcantly greater incidence and degree of gray matter injury than non-PVL, i.e., DWMG and Negative cases; that this injury involves structures critical for cognition and learning, i.e., deep gray nuclei, cerebral cortex, and hippocampus; and that the pattern of gray matter injury mimics the pattern of volume reduction in the deep gray nuclei and cerebral cortex detected by neuroimaging studies in longterm survivors.
Materials and methods

Case selection criteria
The neuropathology of all premature infants (<37 gestational weeks at birth) autopsied between 1997-1999 at Children's Hospital Boston was retrospectively reviewed. This time-frame was selected because it represents a modern era of intensive care management of premature infants in a Level 3 neonatal intensive care nursery. It also represents a period at our hospital when the brain and spinal cord were extensively sampled in a relatively standardized fashion, whether or not macroscopic lesions were apparent, thereby permitting a systematic neuropathologic survey in a large dataset. Parental authorization of the use of autopsy human tissue for research was given in each case.
Microscopic slide review
A median of 15 (range 9-20) hematoxylin-eosin (H&E) or H&E/Luxol-fast-blue stained sections was examined from each case. These sections included cerebral cortex from all lobes, thalamus (at the level of lateral geniculate nucleus and including the dorsomedial and lateral posterior nuclei), hypothalamus, caudate, putamen, globus pallidus, hippocampus (level of lateral geniculate nucleus), amygdala, cerebellar dentate nucleus, cerebellar cortex (including Purkinje cells and granule cell layer), midbrain, pons, and medulla.
We scored the density of neuronal necrosis, neuronal loss, and gliosis in the most severely aVected high power Welds of each of the gray matter sites. Two of three neuropathologists (CRP, RDF, HCK) reviewed the slides together at any one time, with a three-way consensus achieved on diYcult cases. The brainstem tegmentum was graded separately from the basis pontis and inferior olive in recognition of their susceptibility to injury in the perinatal period [23] . We deWned neuronal necrosis as hypereosinophilic neurons with pyknotic nuclei, or, in cases with neuronal immaturity and scant cytoplasm, karyorrhexis [2] . We used the following scale: 0, no necrosis; 1, a few scattered necrotic neurons in a high-powered Weld (hpf; 400£); 2, isolated clusters of necrotic neurons/hpf; and 3, larger, conXuent areas of necrotic neurons/hpf. We scored neuronal loss as: 0, no neuronal loss/hpf; 1, mild, scattered neuronal dropout/hpf; 2, moderate, focal areas of neuronal dropout/ hpf; and 3, severe, conXuent areas of neuronal dropout/hpf. We interpreted neuronal necrosis as an acute or agonal change, occurring within 24-48 h of death [2] , while neuronal loss and gliosis were interpreted as markers of subacute or chronic injury, indicative of insult occurring 3-5 days or more prior to death [2] . We combined cases for analysis that had grades 2/3 and 3/3 of neuronal loss because these grades are unequivocally recognized by standard microscopic examination, and therefore represent, in our opinion, a substantial degree of injury. We scored gliosis as: 0, no reactive astrocytes/hpf; 1, 1-10 reactive astrocytes/hpf; 2, 11-20 reactive astrocytes/hpf; and 3, >20 reactive astrocytes/hpf. Reactive astrocytes were deWned as stellate conWgured cells with abundant ("hypertrophic") eosinophilic cytoplasm and an enlarged, often eccentrically placed nucleus with delicate chromatin. The cytoplasm of these cells was immunopositive for glial Wbrillary acidic protein (GFAP), the well-established astrocytic marker. In scoring neuronal necrosis, neuronal loss and gliosis, we evaluated the entire available region of each gray matter structure in the section, and assessed the most severely injured region, which was virtually always representative of all Welds.
We assessed white matter in the cerebral lobes, corpus callosum, posterior limb of the internal capsule, and cerebellum for PVL and diVuse white matter gliosis (DWMG). PVL is deWned by the combined presence of: (1) focal necrosis in the periventricular region; and (2) diVuse reactive gliosis in the surrounding white matter [24] . DWMG is deWned by the presence of gliosis in the cerebral white matter unaccompanied by periventricular foci of necrosis [24] . Both PVL and DWMG are characterized by reactive astrocytes throughout the white matter, and are thus associated with a pattern of "diVuse" white matter injury. The density of white matter gliosis was scored according to the same scale used for gray matter gliosis (grades 0-3).
Glial Wbrillary acidic protein (GFAP) immunohistochemistry
Four-micron thick formalin-Wxed paraYn-embedded sections of frontal cortex could be cut from 27 of the 41 cases and were immunostained with mouse anti-GFAP antibody (1:500, #SM1-22R, Covance, Berkeley, CA). Negative controls were performed without primary antibody. Scoring of GFAP stained sections was performed by counting positive cells/hpf, in the most intensely immunopositive region of frontal cortex after a survey of all Welds. Reactive astrocytes were deWned as those cells with substantial cytoplasmic GFAP staining around a nucleus. Other non-reactive cortical astrocytes with limited cytoplasmic staining had GFAP positive processes that were generally perpendicular to the glial limitans were counted separately. The grading system was: 0, no staining; 1, 1-10 cells/hpf; 2, 11-20 cells/hpf; and 3 > 20 cells/hpf. Two observers (CRP, HCK) scored each case without knowledge of the white matter group.
O4 and GFAP double-labeling immunoXuorescence
Myelination gliosis is commonly encountered in the newborn brain and must be discerned from reactive gliosis. So-called myelination glia are oligodendrocyte precursors that form during myelination; these cells have large nuclei with chromatin intermediate in density between oligodendrocytes and astrocytes and large slightly basophilic cell bodies so they can potentially be mistaken for reactive astrocytes [36] . To help discern reactive gliosis from myelination gliosis fresh tissue that was immediately Wxed in 4% paraformaldehyde and sectioned at 40-50 m was available from 4 PVL, 1 DWMG and 4 of the Negative cases. Double labeling was performed sequentially beginning with the mouse anti-O4 monoclonal antibody (1:750; gift from Dr. Steven PfeiVer) to detect developing oligodendrocytes and followed with rabbit anti-GFAP antibodies (1:200, Z0334, Dako) to detect astrocytic diVerentiation. Relevant secondary antibodies conjugated with FITC or Texas Red were used and sections were visualized with Nikon Eclipse E800 microscope (Nikon, Melville, NY) outWtted with Spot image capture software (Diagnostics Instruments Incorporated, Sterling Heights, MI).
Statistical analysis
The 41 cases were divided into three groups according to cerebral white matter histology: (1) a PVL group; (2) a DWMG group; and (3) a "Negative" white matter group with no diVuse gliosis or focal periventricular necrosis in the cerebral white matter [23, 24] . Demographic characteristics were compared between the PVL, DWMG and Negative groups using Wilcoxon rank sum tests for continuous variables and 2 tests for categorical variables ( Table 1 ). The number of gray matter sites involved with an injury, i.e., acute neuronal necrosis, neuronal loss, and gliosis, was counted for each case in each group, and plotted relative to postconceptional age (i.e., gestational age plus postnatal age, PCA; in weeks) to graphically depict the total number of gray matter sites that were injured in each case. To test the hypothesis that the incidence and severity (grade 2-3/3) of neuronal necrosis, neuronal loss, and gliosis in all gray matter sites analyzed varies signiWcantly among PVL, DWMG, and Negative cases, Fisher exact tests were used. To control for the potential impact of age on these analyses, analysis of covariance of diagnosis on lesion severity were performed, controlling for PCA. NonsigniWcant interaction eVects between diagnosis and age were subsequently eliminated from the models. In all analyses, P < 0.05 was considered signiWcant.
Results
Clinical and autopsy data
Seventeen cases (41%) fulWlled the criteria for PVL, while 17 cases (41%) had DWMG, and there were 7 so-called Negative cases (17%).
Pregnancy, labor and delivery
The Negative group was signiWcantly younger in terms of gestational age (GA) than the PVL and DWMG groups, but there was no signiWcant diVerence in GA between the PVL and DWMG groups (Table 1 ). In terms of PCA, the PVL and DWMG groups were signiWcantly older than the Negative group (Table 1 ). The Negative group had signiWcantly lower brain weight and body weight, and shorter body length, but not birth weight, than the PVL and DWMG groups. The low somatic and brain measurements in the Negative group compared to the PVL and DWMG groups reXect the early gestational age at birth and younger postnatal age at death ( Table 1 ). The incidence of various clinical variables, e.g., chorioamnionitis, maternal fever at delivery, history of Cesarean section, and congenital anomalies were not signiWcantly diVerent among the three groups. The mean Apgar scores were less than seven at 1 and 5 min in all three groups (Table 1) .
Syndromes
Twenty-four percent of cases had a constellation of Wndings classiWed as a genetic/developmental syndrome, e.g., Treacher-Collins syndrome, Potter's sequence, and osteogenesis imperfecta in three PVL cases; Down's syndrome in a DWMG case; and Fryns syndrome, Beckwith-Wiedemann syndrome, and VACTERL association in three Negative cases. Excluding these cases from the analysis had no signiWcant eVect on the results for the diVerent acquired lesions analyzed semi-quantitatively, i.e neuronal loss and gliosis (data not shown), and thus, their data were combined with that of the non-syndromic cases in the complete analysis reported below.
Postnatal period
Although there were no statistically signiWcant diVerences in postnatal age (PNA) among the three groups, the median Table 1 continued If a three-way P value was signiWcant (P < 0.05), a two-way P value between the PVL and DWMG groups was performed. NA, not applicable since the incidence was 0 in the PVL and DWMG PNA was only 0.1 week in the Negative group in contrast to 2.3 weeks in the PVL group and 1.2 weeks in the DWMG group (Table 1) . The younger PNA and signiWcantly diVerent PCA and GA lead us to limit our gray matter comparisons to those between the PVL and DWMG groups, although the data from the Negative group is reported in all of the tables for completeness. Cardiorespiratory disorders were common in all three groups, with no signiWcant diVerences (Table 1) . Acute respiratory distress syndrome was noted in 41% of PVL cases, 59% of DWMG cases, and 71% of Negative cases. Seventy-seven percent of PVL and DWMG cases, and 100% of the Negative cases required ventilation ( Table 1 ). The duration of ventilation and incidence of cardiopulmonary resuscitation was not signiWcantly diVerent among the three groups. Infectious and inXammatory disorders e.g., pneumonia, necrotizing enterocolitis, and sepsis, occurred in all groups, and did not diVer signiWcantly among the groups (Table 1) .
White matter Wndings
Eighty-Wve percent of all cases studied had diVuse gliosis in the cerebellum, and 82% in the cerebral hemispheres. Fortyone percent of the cases had PVL, and 41% had DWMG. Macroscopically evident periventricular cysts (<5 mm in diameter) were noted in one PVL case, while chalky-white necrotic foci (2-3 mm) were visible in two cases. In all of the other PVL cases (82%), necrotic foci were only detected microscopically, and were <1 mm in diameter. Necrotic foci were typically found within a few millimeters from the ventricles. All cerebral lobes demonstrated a similar incidence of PVL (23-28%), except for the temporal lobe (12%). DWMG particularly involved the internal capsule (67%) and corpus callosum (64%) ( Table 2 ). Necrotic foci were also identiWed in nonperiventricular regions, notably the internal capsule (19%) and corpus callosum (9%) ( Table 2 ). The incidence of PVL increased with age, but only signiWcantly so in the frontal lobe ( Table 2 ). In contrast, the incidence of DWMG signiWcantly increased in almost all sites with increasing gestational and postnatal ages ( Table 2) . By 37+ weeks, DWMG was present in 100% of the cases in the fronto-parieto-temporal lobes, 90% of the cases in the cerebellum, and 80-86% of the cases in the internal capsule and corpus callosum ( Table 2 ). The degree of severity of DWMG signiWcantly increased with both GA and PNA in all cases in the frontal, parietal, temporal, occipital, and cerebellar white matter (P < 0.04; data not shown). Moreover, the coeYcients in the regression models for GA and PNA were similar, indicating that the degree of gliosis increased the same amount for each extra week of gestation and for each extra week of postnatal life (data not shown). In eVect, the degree of gliosis increased constantly with PCA (gestational age plus postnatal age).
To exclude the possibility that myelination glia were scored along with reactive astrocytes in these infants immunoXuoresence staining was performed to co-localize O4 a marker of the developing oligodendrocyte, and GFAP, an astrocytic marker. No co-localization of these proteins was identiWed in of the three groups of cases studied (Fig. 1) .
Gray matter lesions associated with PVL in the premature infant
Acute neuronal necrosis
Acute neuronal necrosis, which is considered a marker of terminal/agonal injury, was common, and occurred diVusely across gray matter regions in all three groups. Sixty-six percent of PVL, 59% of DWMG, and 43% of Negative cases had two or more gray matter sites with acute neuronal necrosis (data not shown). SigniWcant diVerences in the incidence of acute neuronal necrosis between the three groups were noted only in the cerebellar cortex (53%, PVL; 13%, DWMG; 0%, Negative; P = 0.008) and frontal cortex (56%, PVL; 41%, DWMG; 0%, Negative; P = 0.039). The incidence of neuronal necrosis was not signiWcantly diVerent at any gray matter site when adjusted for GA and PNA (data not shown).
Neuronal loss and gliosis
Neuronal loss and gliosis, considered markers of subacute and chronic injury, were more prevalent and of greater severity in PVL cases compared to non-PVL cases (DWMG and Negative groups) (Figs. 2 and 3, Tables 3 and 4) . PVL cases showed more damage to the deep nuclear structures than was encountered in non-PVL cases. In PVL cases, the thalamus and globus pallidus had signiWcantly higher incidences of neuronal loss (38 and 33%, respectively) and more severe neuronal loss (38 and 33%, respectively) than did the DWMG and Negative groups (both, 0%) (Fig. 2, Table 3 ). The incidence of gliosis was also signiWcantly higher in the thalamus (56%), caudate (60%), putamen (50%) and globus pallidus (60%) in PVL than in DWMG (12-47%) and Negative cases (0-14%). The cerebellar dentate nucleus showed a signiWcantly higher incidence of neuronal loss in PVL (29%) compared to the DWMG (6%) and Negative (14%) groups. PVL cases (29%) had signiWcantly more severe neuronal loss in the cerebellar dentate compared to the DWMG and Negative groups (both, 0%) ( Table 3) . Gliosis of the basis pontis was seen in 100% of PVL cases and only 79% of DWMG and 29% of Negative cases (P = 0.001; Table 4 ). The hippocampus also had substantial neuronal loss and gliosis (Tables 2 and 3 ). PVL cases showed relatively mild cerebral cortical neuronal loss, compared to other neuroanatomic sites, while the incidence of gliosis ranged from 20% (temporal cortex) to 31% (frontal cortex) ( Tables 3 and 4) . By contrast, the cerebral cortex in all lobes from DWMG and Negative cases was totally free of neuronal loss and was infrequently gliotic (all <10%) ( Tables 3 and 4) .
Glial Wbrillary acidic protein immunohistochemistry performed on sections of frontal cortex from PVL (n = 10), DWMG (n = 13) and Negative cases (n = 4) showed astrocytes of two diVerent general morphologies (Fig. 4) . Greater numbers of reactive astrocytes with abundant GFAP positive cytoplasm tended to occur in the frontal cortex of PVL cases (mean score 0.75 § 0.22), compared to DWMG cases (0.48 § 0.19) or (0.59 § 0.38); however, when controlled for PCA this trend was not statistically signiWcant. Non-reactive astrocytes were found in similar frequency among PVL, DWMG and Negative cases, and no such trend, as that noted for reactive astrocytes appeared (data not shown).
Discussion
This neuropathologic analysis shows clearly that gray matter abnormalities are more common in the presence of PVL than in its absence (summarized in Fig. 5) . Moreover, and remarkably, neuronal loss and gliosis in the cerebral cortex and deep nuclear structures are essentially conWned to those infants with PVL. Thus, not a single infant with DWMG exhibited neuronal loss in the cerebral cortex, hippocampus, and deep gray nuclei. Similarly, gliosis was very unusual in these areas in the infants with DWMG. Although the incidence and severity of lesions in this autopsy series may not be completely representative of the brain pathology in premature infants who survive beyond the perinatal period, the Wndings are nevertheless important to understand the neuroanatomic substrate and pathogenesis of the neurological sequelae in long-term survivors.
The pathogenesis of the gray matter lesions in PVL is likely due to the same phenomena implicated in the white matter lesion. The pathogenesis of PVL likely involves cerebral ischemia-reperfusion in the respiratory compromised preterm infant, in combination with one or more infectious/inXammatory and other, yet to be deWned, derangements [24] . Thus, the topographic patterns of gray and white matter damage in the premature brain likely reXect a complex interplay of the diVerential vulnerabilities of the regions to glutamate, free radical, and cytokine toxicity. These diVerential vulnerabilities appear to be based upon the maturational stage of neurons and oligodendrocytes [3, 23, 40] , i.e., the targeted cell types in gray and white matter injury, respectively, and upon the developmental proWles of glutamate and cytokine receptors [9, 23] and antioxidant systems [9] , as well as multiple related factors [23, 40] . The term "perinatal panencephalopathy" best describes, in our opinion, the combined gray and white matter injury delineated in this study that is typical of perinatal neuropathology of prematurity. We regard PVL as a major part of this disorder that should now be considered, we believe, in the context of total brain injury. Since the majority of patients in the PVL, DWMG, and Negative groups required mechanical ventilation of comparable durations, and showed substantial involvement by inXammatory/infectious processes, it is diYcult to decipher the factors responsible for the substantial brain injury in the PVL group. It is very likely that there are speciWc clinical factors at work that we do not Table 3 Incidence and severity of neuronal loss in PVL, DWMG and Negative cases PVL, periventricular leukomalacia; DWMG, diVuse white matter gliosis in the cerebral and cerebellar hemisphere. P values denote diVerences in the incidence or severity of neuronal loss at these neuroanatomic sites between PVL and DWMG groups with postconceptional age Overall The presence of isolated hypertrophic astrocytes in the cerebral white matter of premature infants, as reported in this series in the DWMG group, has been recognized for decades, but its signiWcance remains unknown. Focal necrosis and diVuse hypertrophic astrocytes that are associated with "globules" and "acutely damaged glia" have been considered histological manifestations of the same Table 4 Incidence and severity of gliosis in PVL, DWMG and Negative cases PVL, periventricular leukomalacia; DWMG, diVuse white matter gliosis in the cerebral and cerebellar hemisphere. P values denote diVerences in the incidence or severity of gliosis at these neuroanatomic sites between PVL and DWMG groups with postconceptional age Overall disorder of immature cerebral white matter for which the term acquired perinatal telencephalopathy (PTL) has been coined [27] . Yet, hypoxic-ischemic white matter injury may follow a continuum of damage, from mild (gliosis [hypertrophic astrocytes] alone) to severe (periventricular necrosis combined with gliosis) [27] . Astrocytes, however, may also normally undergo hypertrophy in the late fetal and perinatal white matter as an obligatory developmental change, potentially due to the "physiological oxidative stress" of active myelin sheath synthesis, and thus may not be a marker of pathology at all [15] . These so-called myelination glia are immature oligodendrocytes that express markers such as O4, and are morphologically similar to GFAP positive reactive astrocytes. CoimmunoXuoresence studies show no overlap in the expression of O4 and GFAP. The signiWcant diVerences in age and survival encountered among the PVL, DWMG and Negative groups in this study precluded using the Negative group as a control representing "no white matter injury". The Negative group consisted of infants who were born after signiWcantly shorter gestational periods and who survived for signiWcantly shorter time-periods postnatally than those in the PVL or DWMG groups. Thus, it is possible that the infants in the Negative group showed no white matter gliosis because the white matter is not vulnerable to injury at this early age, immature astrocytes are not capable of mounting a hypertrophic reaction to injury at this early time-point, and/or the patients did not survive long enough for astrocytic hypertrophy to develop. Further studies are needed to examine the signiWcance of astrocytic hypertrophy in developmental pathology. The challenge is heightened by the unavoidable fact that live-born infants dying during the last half of gestation are not "normal", but rather, typically die in intensive care units with multiple complications of prematurity that are known to adversely aVect the brain.
This study suggests that neuronal loss and/or gliosis in the perinatal period in gray matter sites critical to cognition, memory, and learning, i.e., thalamus [7, 38] , basal ganglia [33] , hippocampus [7, 26] , and cerebellum [21, 37] , play a role in cognitive defects in long-term survivors of prematurity. The neuroanatomic structures involved with neuronal loss and/or gliosis correlates well with the neuroimaging data, which has shown volumetric deWcits in the thalamus and basal ganglia [17, 18] , and to a lesser degree, the hippocampus [19, 34] , and cerebral cortex [35] in survivors of prematurity. This thalamic damage could be important in the pathogenesis of subsequent cognitive impairments. Of note, aVerent thalamocortical axons fail to reach the cortex when the subplate neurons are ablated and abnormal cortical lamination results [10-12, 14, 22, 30] . Selective subplate neuronal loss occurs in hypoxic-ischemic injury in neonatal rats [31] , underscoring the possibility of homologous injury in human premature infants [16] and the need for in depth studies of the subplate-thalamic-cortical unit in humans. Premature infants are also at high risk for cerebellar injury [6, 20, 28, 29, 32] , given the mounting evidence that the cerebellum plays a role in cognition [21, 37] , our Wnding of substantial damage in this structure and its brainstem relay nuclei suggests that it could contribute to cognitive defects in survivors. In addition, injury to the cerebellum, as well as the thalamus and basal ganglia (globus pallidus), may contribute to the motor deWcits of prematurity. Traditionally, the spastic motor deWcits, i.e., cerebral palsy, in preterm infants has been attributed to damage to axons in the necrotic foci in PVL that are coursing through the periventricular white matter from the motor cortex to the spinal cord [41] . Our data suggest that at least some of the common, less severe motor deWcits are due to gray, as well as white, matter damage.
In conclusion, this study draws attention to the combination of white and gray matter injury in the brains of preterm Gliosis of the cerebral and cerebellar white matter, basis pontis, brainstem tegmentum and inferior olives is depicted by small red dots, and focal, periventricular necrosis in the cerebral white matter (PVL) is denoted by a large red periventricular circle infants dying in the perinatal period by the term "perinatal panencephalopathy". Our Wndings suggest that future treatment strategies should target both white and gray matter damage to prevent the neurologic deWcits in survivors of prematurity.
